It is an important way by detecting SF 6 decomposition products to evaluate the insulation condition of SF 6 insulated power equipment. In this paper, N 3 &Ni doped 555-777graphene (N 3 &Ni-graphene) is proposed as a new gas sensor to detect the characteristic components of SF 6 decomposition products: H 2 S, SO 2 , SOF 2 and SO 2 F 2 . In order to get insights into the gas sensing mechanism, the geometry structures, electron structures and conductivity are analyzed by simulation method based on density functional theory. The calculation results show that N 3 &Ni dopant can improve the conductivity and surface activity of 555-777graphene. Specifically, H 2 S and SO 2 absorbing on N 3 &Ni-graphene surface will increase the conductivity obviously, while the other two kinds of gas molecules will decrease the conductivity. The sensitivity of H 2 S is greater than SO 2 according to the changed value of energy gap. It is also indicated that N 3 &Ni-graphene can absorb the above four characteristic components stably with high adsorption energies, complex orbital hybridizations and multi-level charge transfer. This work will provide some theoretical guidance to develop a novel gas sensor to evaluate the insulation condition of SF 6 insulated equipment.
I. INTRODUCTION
Sulfur hexafluoride (SF 6 ) gas is widely used in Gas Insulated high voltage power apparatus due to its excellent insulation and arc extinguishing performance. However, it is inevitable that different types of insulation defects during the manufacturing and long-term operation will pose threats to the insulation performance of the equipment and the stable operation of the system [1] , [2] . For instance, the insulation defects of the equipment easily induce different levels of partial discharge [3] , [4] . Previous studies have proven that SF 6 gas will be decomposed into a series of low-fluoride SF X (X = 1 − 5), accompanying the presence of partial discharge. Subsequently, the low-fluoride reacts with the trance water and oxygen in the equipment, forming a characteristic decomposition components of H 2 S, SO 2 , SOF 2 and SO 2 F 2 gas [5] - [8] . Decomposition products will not only deteriorate The associate editor coordinating the review of this manuscript and approving it for publication was M. Saif Islam . the insulation performance of the equipment, but also may corrode some metal parts in the equipment, which will further increase the probability of equipment failure. At present, many methods have been suggested to detect the insulation defects, including pulse current method, ultra-high frequency detection (UHF) [9] , [10] and gas chromatography [11] . But there are still some shortcomings, such as being susceptible to external electrical signals or being unable to be monitored online. Gas sensor is a method for judging the gas species by analyzing the change of the self-resistance of the gassensitive material after absorbing the decomposition products. With the advantages of rapid response and sensitive changes, gas sensor is suitable for online monitoring of the insulation condition of SF 6 insulated equipment during the operation, which has attracted more and more attentions in recent years [12] - [15] .
Graphene is a single-layer honeycomb material composed of carbon atoms with excellent electrical and mechanical properties. Since carbon atoms are bonded by SP 2 hybrid VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ orbitals, graphene exhibits good surface properties and is widely used in surface adsorption, gas sensors etc [16] - [20] . Schedin et al. [21] studied the adsorption of various gas molecules on graphene, discovering that low concentration of NO 2 gas will significantly change the conductivity of graphene. Yu et al. doped nitrogen, boron, sulfur and aluminum into graphene. The results show that boron and sulfurdoped graphene adsorbs NO and NO 2 with a significant change of molecular orbital and electronic structure, resulting in a big change of conductivity. It means that boron and sulfur doped graphene is suitable as a sensor for detecting the gas [22] . Ma et al. reported the sensitivity of Pd-doped graphene to CO, NH 3 , O 2 and NO 2 . The results show that Pd-modified graphene has better sensitivity to the detection of the above gases [18] . In addition, there are many reports on graphene sensors [23] - [25] . However, most of the researches on graphene sensors are focusing on the perfect single-layer graphene, but in the actual production process, perfect graphene is almost impossible to obtain, and there are always various lattice defects, such as single defects, double vacancies defects, Stone-Wales defects, etc [26] . Although the lattice defect destroys the perfect structure of graphene, it can significantly improve the semiconductor performance of graphene and enhance its interaction with gas molecules. It is universal acknowledged that 555-777graphene, with three pentagons and heptagons, is a common double vacancies defect structure, which has higher stability than single vacancy defect graphene [26] . Most studies have shown that doping transition metal elements or Nitrogen elements can effectively improve the surface properties of graphene. In this paper, the co-doping of N and Ni elements on 555-777 graphene is carried out, and the decomposition components : H 2 S, SO 2 , SOF 2 and SO 2 F 2 adsorption on N 3 &Ni-graphene are calculated based on density functional theory. We will predict the most stable adsorption structures of each gas molecule and the change of electronic structure of the N 3 &Ni-graphene surface before and after gas adsorption, hoping to provide some theoretical guidance for the development of new graphene-based gas sensors.
II. COMPUTATIONAL METHODS
All the spin-polarized DFT calculations were performed by Dmol 3 package of Materials Studio [27] , in which generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) function were implied to deal with the electron exchange-correlation energy [28] , [29] . Considering the relativistic effect of heavy atoms, core treatment was set as DFT Semi-core Pseudopots (DSPP). In addition, double numerical plus polarization (DNP) basis sets were employed for higher precision of hydrogen bond calculations [30] . The SCF tolerance, total energy of convergence tolerance and maximum force were set as 1×10 −6 Ha, 1×10 −5 Ha and 2×10 −3 Ha/Å, respectively. The pristine 555-777graphene sheet consists of 5×5 supercell. To avoid the interaction of neighboring slabs along the z direction, a 20 Å vacuum area was set. In order to get precise electronic structure of every adsorption system, the brillouin zone was sampled with 6×6×1 k-points in the Monkhorst − Pack grid [31] , [32] .
Based on the DFT calculation, we can obtain the optimized configurations and parameters of the decomposition components absorbed on N 3 &Ni-graphene surface, such as adsorption energy (E ad ), charge transfer amount (Q T ), adsorption distance (D), energy gap (E g ) and density of state (DOS) [33] . By analyzing the above parameters, the adsorption mechanism of gas molecules would be explained meticulously.
The adsorption energy of gas molecule absorbed on N 3 &Ni-graphene was calculated by formula (1):
where the E gas/sur , E sur , and E gas denote the total energy of adsorption system, pure N 3 &Ni-graphene and isolated gas molecules respectively. E ad < 0 means the adsorption process is exothermic, and the interaction can proceed spontaneously. Charge transfer amount can be analyzed by Mulliken population analysis, Q T was defined by formula (2) . Where Q iso and Q ad represent the total charge of gas molecules before and after adsorption. Negative value of Q T indicates electrons transfer from the N 3 &Ni-graphene surface to the gas molecules.
Similarly, the energy gap was calculated by formula (3):
where the E L and E H represent the energy level of the Lowest Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO), respectively. HOMO is similar to the valence band in inorganic semiconductors, while LUMO is similar to conduction band. Frontier orbital theory holds that in the chemical reaction between molecules, the first molecular orbit is the frontier orbit, and the electrons that play a key role are the frontline electrons. This is because the HOMO of the molecule is more relaxed in its electron binding and has the property of an electron donor, while the LUMO has a stronger affinity for electrons and has the property of an electron acceptor. Narrower E g means that electrons can transfer from the valence band to the conduction band more easily, so the conductivity can be stronger.
III. RESULTS AND DISCUSSION
A. GEOMETRY STRUCTURES After geometry optimization, all of the structures reach their most stable statues. Fig 1(a) shows the most stable structure of pristine 555-777graphene, the bond length between the central carbon atom C1 and the adjacent carbon atoms (C2, C3, and C4) is 1.50 Å. To obtain N 3 &Ni-graphene, C1 atom is substituted by Ni atom, and other three C atoms are replaced by N atoms. As shown in Fig 1(b) , the bond length between Ni atom and N atoms are around 1.80 Å. Millikan charge analysis shows that 0.25 electrons transfer from the Ni atom to the N atoms during the optimization process, because N atoms have stronger electronegativity than Ni atoms. The electrons transferred to the N atom can saturate the outermost electrons of the N atom, which will improve the stability of N 3 &Ni-graphene. Fig 2 presents the band structures of 555-777graphene sheet and N 3 &Ni-graphene sheet. It is clear that the 555-777graphene has a forbidden band region of 1.136 eV near 0 eV in Fig 2(a) , indicating that electrons transfer from the valence band to the conduction band need to obtain 1.136 eV energy at least. After doping Ni and N atoms, new doping statue appearing in the original forbidden band improves the continuity of the entire band. The forbidden band reduces to 0.707 eV, implying that electrons can jump from the valence band to the conduction band easily. In a word, co-doping of Ni and N atoms can improve the conductivity of 555-777graphene.
1) H 2 S ADSORPTION H 2 S gas molecule approaches the surface at different angles and distances, forming a stable structure after geometry optimization. Fig 3 shows the most stable adsorption structure of H 2 S on N 3 &Ni-graphene sheet. It is obvious that H 2 S is almost parallel to the N 3 &Ni-graphene surface, and the whole H 2 S molecule is above the hollow position of heptagon. The central Ni atom is pulled toward the gas molecule due to the interaction of the S atom, composing a triangular pyramid structure with the other three N atoms. Generally speaking, when the adsorption energy is greater than 0.6 eV, the adsorption process is considered to be chemisorption. The corresponding adsorption energy (E ad ) of configuration M1 is −0.622 eV, which demonstrates a chemical reaction between H 2 S and N 3 &Ni-graphene surface. During the adsorption process, 0.26 electrons transfer from the H 2 S molecule to the N 3 &Ni-graphene sheet, indicating that S atom forms an ionic bond with Ni atom.
2) SO 2 ADSORPTION
In this part, we put SO 2 molecule in different directions and positions to investigate the most stable adsorption structure on N 3 &Ni-graphene sheet. Fig 4 shows two typical adsorption configurations of SO 2 on N 3 &Ni-graphene surface. As shown in Fig 4(a) , system M2 displays a parallel orientation of SO 2 molecule absorbed on the sheet. SO 2 approaches the surface by S atom, forming an interaction between S atom and Ni atom. The adsorption distance of M2 is 3.536 Å, revealing that the reaction is not strong enough. In Fig 4(b) , SO 2 approaches the surface by O atom, and forms an ionic bond with Ni atom. The short length (1.953 Å) of S-Ni bond indicates that the chemical reaction between them is quite strong.
The adsorption energy (E ad ), charge transfer amount (Q T ) and adsorption distance (D) of system M2 and M3 are listed in TABLE 1 respectively. Both of the adsorption energy are negative, suggesting that the adsorption can occur spontaneously. By comparison, SO 2 absorbed on N 3 &Ni-graphene surface through O atom is the most stable adsorption structure for its larger adsorption energy and shorter adsorption distance. The related E ad of system M3 is −1.312 eV, which means the N 3 &Ni-graphene surface can completely absorb the SO 2 molecule. Additionally, the charge transfer from the surface to the SO 2 molecule is 0.315 e, implying that the ionic bond between S atom and Ni atom is not easy to break. Therefore, SO 2 is more likely to compose a stable chemisorption in the form of M3 while approaching the N 3 &Ni-graphene surface.
3) SOF 2 ADSORPTION
In order to obtain the most stable adsorption structure of SOF 2 on N 3 &Ni-graphene sheet, SOF 2 molecule approaches the surface in various directions and distance. Fig 5 represents two typical adsorption configurations of SOF 2 absorbed on N 3 &Ni-graphene surface. The related structural parameters are shown in TABLE 2. Fig 5 shows different views of system M4 and M5. In configuration M4, SOF 2 molecule approaches the sheet by F atom, building a connection with the surface between Ni atom and F atom ultimately. The adsorption distance of system M4 is 2.807 Å. Ni atom is apparently convex upward, signifying that it suffers a vertical chemical force. However, the structure of the SOF 2 molecule has almost no change. As for configuration M5, SOF 2 molecule approaches the sheet by O atom in vertical orientation. Similarly, O atom establish a chemical interaction with Ni atom. The adsorption distance of M5 (2.756 Å) is shorter than M4 (2.807 Å), revealing the reaction between SOF 2 gas and N 3 &Ni-graphene surface in M5 system is stronger. TABLE 2 lists the specific parameters of the above two systems. Since the E ad of M5 (−0.730 eV) is a little larger than M4 (−0.713 eV), we conclude that system M5 is more stable than M4. The positive values of Q T of M4 (0.008 e) and M5 (0.02e) manifest that electrons transfer from the SOF 2 gas to the N 3 &Ni-graphene sheet, but the electronic connection is weak.
4) SO 2 F 2 ADSORPTION
At last, single SO 2 F 2 molecule is placed in different positions and directions to investigate the most stable adsorption structure on N 3 &Ni-graphene surface. After DFT calculations, we obtain several adsorption systems, and two typical optimized structures are presented in Fig 6. Relevant parameters of adsorption systems are shown in TABLE 3.
As shown in Fig 6(a) , SO 2 F 2 molecule approaches the surface in vertical orientation, building a chemical connection between F atom and Ni atom. The structure of N 3 &Ni-graphene sheet has changed significantly, while SO 2 F 2 remains the same. M7 system represents a horizontal orientation of SO 2 F 2 molecule on the sheet. The distance between O atom and Ni atom is 2.741 Å, which is shorter than the length of F-Ni (3.266 Å) in configuration M6. According to the results listed in TABLE 3, the E ad of M7 (−0.727 eV) is larger than M6 (−0.640 eV), indicating that the M7 system is more stable. Mulliken population analysis shows that 0.019 electrons transfer from the SO 2 F 2 molecule to the sheet in M7, but the charge distribution in M6 has hardly changed due to its small Q T . So chemical reaction in M7 is stronger than that in M6.
B. ELECTRONIC STRUCTURES
According to the above parameters and analyses, we judge that the most stable adsorption systems of H 2 S, SO 2 , SOF 2 and SO 2 F 2 are M1, M3, M5 and M7, respectively. In order to explore the interaction mechanism and the change of charge distribution during the adsorption process, the partial densities of states (PDOS) and the charge distributions of each most stable system are calculated. Fig 7 presents the PDOS of the most stable adsorption structures of gas molecules on N 3 &Ni-graphene surface. As shown in Fig 7(a) , there is a large overlapped area between the 2p orbit of N atoms, the 3p orbit of S atom and the 3d orbit of Ni atom, mostly in the range of −5 eV to −3 eV. From the appearance, it means that these orbits are significantly hybridized while H 2 S molecule approaching the N 3 &Ni-graphene surface. Actually, it reflects the strong interaction between these atoms, which is in great agreement with the analysis of geometry structure. In Fig 7(b) , it is obvious that the 2p orbit of O atom and the 3d orbit of Ni atom are overlapped from −4.5 eV to 3 eV, reflecting the activity of the 3d orbit of Ni atom. Hence, the interaction between O atom and Ni atom is strong enough to form a stable adsorption system. In addition, the overlapped area between Ni-3d orbit and S-3p orbit demonstrates that there is a strong reaction between them. Fig 7(c) shows the PDOS of SOF 2 adsorption on N 3 &Ni-graphene. It can be seen that O-2p orbit has a small hybrid region near the 4eV with the Ni-3d orbital, so the chemical reaction between them is not strong enough. It coincides with the long adsorption distance between them. Similarly, the adsorption distance in M7 is 2.741 Å, resulting in a small overlapped area between O-2p orbit and Ni-3d orbit. Although the atomic orbital effects in M5 and M7 are not strong, the adsorption energy of −0.730 eV and −0.727 eV are sufficient for N 3 &Ni-graphene to adsorb them stably, so that the N 3 &Ni-graphene sensor can detect them sensitively.
To investigate charge distributions in the adsorption process, we further calculate the charge on characteristic atoms of various systems before and after adsorption. As shown in Fig 8, all the numbers represent the atomic charge, black means the initial charge, blue means a decrease in charge after adsorption, and red means an increase in charge after adsorption. In Fig 8(a) , the charges on N atoms are determined to be −0.485 e, −0.532 e, and −0.489 e in order of N1, N2, and N3, the charge on Ni atom is determined to be 0.256 e. It verifies that in addition to obtaining electrons from Ni atoms, N atoms also acquire partial electrons from nearby C atoms. Fig 8(b) shows the most stable adsorption system of H 2 S molecule. It is clear that Ni atom acquire electrons from S atom, the initial charge of S atom in isolated H 2 S molecule is −0.348 e. Therefore, there is a strong electronic association between S atom and Ni atom. As for Fig 8(c) , O and S atom obtain electrons from Ni atom and three N atoms, indicating O atom has a strong electronegativity. For the other two systems, charge transfer to the gas molecule or N 3 &Ni-graphene through the Ni atom and O atom, enhancing the stability of the adsorption structure to some extent. Overall, the doping of N atoms and Ni atom significantly improves the charge distribution on the graphene surface, and facilitates the charge transport while absorbing molecules, so that the sheet and the gas can form a relatively stable structure.
C. CONDUCTIVITY ANALYSIS
To reveal the sensitivity and selectivity of the N 3 &Ni-graphene gas sensor in detecting SF 6 decomposition VOLUME 7, 2019  TABLE 4 . The E L , E H , and E g of pristine N 3 &Ni-graphene and various adsorption systems. components, the frontier molecular orbital theory is considered. Considering the accuracy of the calculation results, a smearing of 0.001 Ha was utilized. TABLE 4 shows the energy of LUMO (E L ), HOMO (E H ), and energy gap (E g ) of pristine N 3 &Ni-graphene and four most stable adsorption systems.
As can be seen, the E L and E H of pristine N 3 &Ni-graphene are −5.126 eV and −5.552 eV respectively, with an energy gap of 0.426 eV. It is apparent that the E g changes significantly in four adsorption systems. While SOF 2 and SO 2 F 2 gas absorbing on the N 3 &Ni-graphene surface, the E g increases to 0.811eV and 0.826eV, respectively, indicating that the distribution of the electronic structure of the system is more discrete after gas adsorption, and the conductivity of N 3 &Ni-graphene has a significant decrease. According to the degree of E g increase, we can sort the sensitivity of the three gases in the order of SO 2 F 2 > SOF 2 . However, when the H 2 S and SO 2 absorbing on the graphene sheet, the E g declines to 0.052eV and 0.138 eV, so the conductivity of those systems are obviously increased. In summary, doping with N 3 and Ni atoms can improve the gas sensing performance of 555-777 graphene, making it an optional gas sensor to detect discharge faults in GIS equipment.
In [33] , Rh doped SWCNT (Rh-CNT) was introduced as a new gas sensor to investigate its performance on detecting SF 6 products. The results suggest that Rh-CNT could be exploited to evaluate the insulation state of SF 6 insulated equipment. In order to explore the ascendancy of N 3 &Ni-graphene in detecting SF 6 decomposition components, the E g of N 3 &Ni-graphene and Rh-CNT in different adsorption systems are shown in Fig 9. E g has decreased from 0.42 eV for pristine Rh-CNT to 0.30, 0.14, 0.15, and 0.18 eV after H 2 S, SO 2 , SOF 2 , and SO 2 F 2 adsorption respectively. So it is toilsome for Rh-CNT to discriminate SO 2 and SOF 2 due to their similar E g . As for N 3 &Ni-graphene, it is effortless to discover SO 2 for its unique E g, which is far from the E g of other three gases. Moreover, the changed value of E g in H 2 S, SOF 2 and SO 2 F 2 adsorption systems on N 3 &Ni-graphene are larger than that on Rh-CNT, so N 3 &Ni-graphene has better sensitivity than Rh-CNT. The only weakness of N 3 &Ni-graphene is that it is difficult to distinguish SOF 2 and SO 2 F 2 for their approximate E g . Further research should be focused on improving the ability of discriminating SOF 2 and SO 2 F 2 molecules.
IV. CONCLUSION
In this work, N 3 &Ni doped 555-777graphene was proposed as a new gas sensor to absorb SF 6 decomposition components (H 2 S, SO 2 , SOF 2 and SO 2 F 2 ) within DFT calculations. In order to investigate the gas sensing mechanism of various adsorption systems, we calculated the band structures, adsorption energy, charge distributions, partial densities of states and energy gap. By analyzing the calculation results, the following conclusions can be drawn:
(1) N 3 &Ni dopant can reduce the forbidden band of 555-777graphene from 1.136 eV to 0.707 eV, which will increase the electrical conductivity of 555-777graphene and improve its electronic structure.
(2) According to the analysis of PDOS and charge distributions, there are obvious hybridizations between the different atomic orbits. Charge transfer make the interaction between the atoms stronger. The adsorption energies of the most stable adsorption structures of H 2 S, SO 2 , SOF 2 and SO 2 F 2 are −0.622 eV, −1.132 eV, −0.730 eV and −0.727 eV respectively, indicating that N 3 &Ni-graphene can stably absorb the decomposition components and quickly desorb them.
(3) N 3 &Ni modified 555-777graphene absorbs H 2 S and SO 2 molecules with an apparent increase of conductivity, and a significant decreased conductivity while absorbing SOF 2 and SO 2 F 2 molecules. It is easy to detect H 2 S and SO 2 molecule for their different E g , and the sensitivity of them is in the order of H 2 S > SO 2 according to the changed value of E g . Unfortunately, it is toilsome to distinguish SOF 2 and SO 2 F 2 for their approximate E g .
In a word, N 3 &Ni-graphene is suitable to detect SF 6 decomposition components for its strong chemisorption and sensitive conductivity. Thus, it will be an alternative to employ N 3 &Ni-graphene to evaluate the operation state of SF 6 insulated equipment online.
